Objective: To assess the influence of the pulmonary annulus diameter after reconstruction of the right ventricular (RV) outflow tract at repair of tetralogy of Fallot on pulmonary regurgitation and RV pressure load; and to evaluate the impact of pulmonary regurgitation on RV size and function. Setting: Paediatric cardiology and diagnostic radiology departments of a tertiary referral centre. Patients: 67 patients were examined at a median of 4.8 years after repair of tetralogy of Fallot by means of biplane angiocardiography and magnetic resonance imaging (MRI). Main outcome measures: Pulmonary annulus diameter and area, pulmonary regurgitant fraction, RV to left ventricular (LV) systolic pressure ratio, RV end diastolic volume, and RV ejection fraction were assessed.
T etralogy of Fallot can be surgically repaired nowadays even in young infants with low early mortality. 1 However, in some series the need for transannular patch enlargement of the right ventricular (RV) outflow tract has increased up to 88%. 1 2 The main concern with using a transannular patch enlargement is that a wide enlargement of the pulmonary annulus may aggravate pulmonary regurgitation, which has deleterious effects on long term outcome. Pulmonary regurgitation reduces exercise capacity 3 and is associated with RV enlargement, 4 late ventricular arrhythmias, and sudden cardiac death. 5 The present retrospective study assessed the influence of the pulmonary annulus diameter (PAD) after surgical RV outflow tract reconstruction on pulmonary regurgitation and RV pressure load. Additionally, the impact of pulmonary regurgitation on RV size and function was analysed.
PATIENTS AND METHODS
The study group consisted of 67 patients (39 male and 28 female patients) who underwent repair of tetralogy of Fallot at a median age of 1.8 (range 0.2-11.2) years at the University Hospital of Kiel, Germany. These patients were taken from a total number of 236 who underwent repair between 1975 and 1998 and were selected on the basis that quantitative data of RV volumes and pulmonary insufficiency were available from either angiocardiography or magnetic resonance imaging (MRI). Patients with double outlet RV, pulmonary atresia, or absent pulmonary valve were not considered. In 10 patients a primary palliative procedure was performed in the neonatal period (six balloon dilatation of the pulmonary valve, three modified Blalock-Taussig-shunt, and one Waterston-Cooleyshunt).
Outflow tract repair was performed in three ways:
• transannular patch of the RV outflow tract (n = 50)
• muscular resection, subvalvar outflow tract patch, and pulmonary valvotomy (n = 11) • muscular resection and pulmonary valvotomy (n = 6).
Patients with any residual intracardiac shunting (n = 1) or significant peripheral pulmonary stenosis (invasive systolic pressure gradient > 25 mm Hg; n = 11) were excluded from the study. The parents of all patients gave their informed consent for the examinations.
Cardiac catheterisation
In all patients diagnostic cardiac catheterisation was performed at a median of 4.8 (range 0.1-22.6) years after surgery. Blood samples for oximetry were taken before the first angiocardiogram was recorded. Pressures were recorded in the left, right, and main pulmonary artery and in the right and left ventricle using a side hole catheter. Zero pressure was referenced to the level of the right atrium in the lateral projection. If left ventricular pressure was not measured, then noninvasive arterial blood pressures were taken and systolic arterial pressure was used for further calculations. In all patients a biplane (posteroanterior and lateral) RV angiocardiogram was recorded after injection of contrast medium (0.5-1.5 ml/kg) at 50 frames/s. The angiocardiograms were recorded on magnetic tape or automatically digitised for later analysis.
Pulmonary annulus diameter
The diameter of the RV-pulmonary trunk junction at the level of the preoperative pulmonary annulus was measured from the lateral angiogram. 6 In this study the term "pulmonary annulus diameter" was used also for the postoperative status. In one patient reliable measurement of the PAD was impossible because of low contrast.
The pulmonary annulus index (PAI) was calculated according to the following formula:
where BSA is body surface area.
RV volume determination
In 47 patients RV end diastolic (RVEDV) and end systolic volumes (RVESV) were calculated from biplane RV angiocardiograms using the area length method. All volumes were corrected with factors appropriate for projection and cardiac phase. The method has previously been described in detail. 7 RV ejection fraction (RVEF) was calculated according to the following formula:
RVEDV and RVESV were normalised for the corresponding BSA with an exponent of 1.219 since ventricular volumes increase in an overproportional manner with respect to BSA. 7 
Angiocardiographic quantification of pulmonary insufficiency
In 35 patients pulmonary insufficiency was quantified using x ray densitometry. In 23 patients both x ray densitometry and angiocardiographic volume determination were performed.
x Ray densitometry is a dye dilution technique. After injection of contrast medium into the RV the total amount of this indicator was measured over several heart cycles within an electronic sampling window covering the silhouette of the RV in the lateral x ray plane using densitometry. The ratio of changes in amplitudes of the resulting densitogram represents the reflux of contrast medium (difference of deflections between end diastole and preceding end systole) and the systolic forward flow (difference of deflections between end diastole and following end systole). Thus, densitometry allows the calculation of the pulmonary regurgitant fraction (PRF), which is calculated as the ratio of regurgitant volume to stroke volume. A detailed description of the method was given by Bürsch and colleagues 8 and Simon and associates. 9 
Magnetic resonance imaging
In 34 patients cardiac MRI was performed on the day of cardiac catheterisation to determine RV volume parameters and PRF. In five patients the determination of RV volume (two) or PRF (three) failed because of technical problems. Thus, a complete set of MRI data was obtained for 29 patients.
The examinations were performed using a Vision system (Siemens, Erlangen, Germany) operating at 1.5 T. Conventional ECG triggered spin echo images were used to determine the position of the ventricles and the main pulmonary artery. All MRI data acquisition was triggered by the R wave of the ECG. MRIs were analysed using the ARGUS software implemented on the Siemens system.
RV volume determination by MRI
Transverse multisection multiphase gradient echo MRI of the ventricles was performed for quantification of RV volumes. The technique is described in detail elsewhere. 10 11 A transverse stack of multisection multiphase images (4-6 sections, 12-16 phase images per heart cycle) was acquired using a two dimensional fast low angle shot (FLASH) cine sequence (repetition time 40 ms, echo time 6.8 ms, flip angle 30°, slice thickness 10 mm, no interleaf, field of view 300 × 300 mm, matrix 256 × 256, acquisition time 4 min 44 s). RVEDV and RVESV were measured from endocardial contours manually traced on the multisection multiphase gradient echo images. The volumes were calculated by adding the ventricular cavity areas multiplied by section thickness with correction for the interslice gap. Papillary muscles and moderator band were not added to the ventricular area. RVEDV and RVESV were normalised for the corresponding BSA to the power of 1.219 in analogy with the angiocardiographic volumes. For comparison with normal values the volumes were normalised for BSA without an exponent. This method was also used in the study where normal values were obtained. 10 
Quantification of pulmonary insufficiency by MRI
Pulmonary insufficiency was quantified using the magnetic resonance velocity mapping technique, which is a modified gradient echo sequence that uses a velocity encoding magnetic field gradient in the direction of flow. 11 12 The conventional spin echo images were used to select the oblique imaging plane for magnetic resonance velocity mapping of flow in the main pulmonary artery. The imaging plane was positioned halfway between the pulmonary annulus and the bifurcation of the main pulmonary artery perpendicular to the direction of flow. Through-plane velocities were quantified in a single slice by using a two dimensional FLASH velocity encoded Figure 1 Postoperative pulmonary annulus diameter as measured by angiocardiography versus body surface area. Open circles: use of a transannular patch at repair; closed circles: no use of a transannular patch. The unbroken line is the regression line relating pulmonary annulus diameter and body surface area in children and adolescents without heart disease (broken line indicate ± second and fourth standard deviations). 
Statistical analysis
Correlation between haemodynamic, angiocardiographic, and MRI variables was tested by linear regression analysis by the least squares method. The patient group was compared with normal children by Student's t test. All analyses were performed using Xact 7.06 statistical software (SCIlab GmbH, Hamburg, Germany). A probability value of p < 0.05 was considered to indicate significance.
RESULTS
The postoperative PAD varied widely in the study patients ( fig  1) . Mainly older patients operated on in the 1970s and 1980s had greatly enlarged PADs, which are far above the upper second standard deviation of a normal mean value related to the BSA, 6 while the majority of younger patients operated on more recently had normal PAD.
There was a significant positive correlation between PAI and pulmonary insufficiency as determined both by x ray densitometry (r = 0.55, p < 0.001) and MRI (r = 0.59, p < 0.001; fig 2) indicating that a wide extension of the pulmonary annulus aggravates pulmonary insufficiency.
No correlation was found between age at operation and PRF measured by x ray densitometry (r = 0.02, NS) or MRI (r = 0.20, NS). Additionally, there was no significant relation between time of follow up and pulmonary insufficiency. Similar results were obtained with both methods (densitometry: r = 0.28, NS; MRI: r = 0.23, NS).
There was no correlation between RV to left ventricular systolic pressure ratio and PAI (r = −0.24, NS; fig 3) . Even in patients with small pulmonary annulus indices close to the fourth lower standard deviation, RV pressure load was not significantly increased.
PRF was positively correlated with normalised RVEDV (fig  4) . We obtained similar results by angiocardiographic or densitometric (r = 0.42, p < 0.05) and MRI analyses (r = 0.56, p < 0.01), which showed that the severity of pulmonary insufficiency determines the degree of the enlargement of the RV.
Normalised RVEDV was larger in our group of patients than in healthy children. However, the difference was significant only for angiocardiographic measurement (mean ( ). We found a significant relation between age at operation and postoperative angiocardiographic RVEDV normalised to BSA 1.219 and between time of follow up and angiocardiographic RVEDV normalised to BSA 1.219 (r = 0.45 and r = 0.58, respectively, both p < 0.01). There was no relation between any of these variables when volumes were calculated by MRI.
An overall reduction of RVEF was observed in our patient group relative to normal values obtained from healthy children. For angiocardiographic and MRI volume determinations, the reduction was significant (RVEF measured by angiocardiography v normal value Additionally, we found a negative correlation of r = −0.41 (p < 0.05) between RVEF and PRF determined by MRI and a (fig 5) .
RVEF was negatively correlated with normalised RVESV regardless of which technique was used for volume determination (angiocardiography: r = −0.54, p < 0.001; MRI: r = −0.56, p < 0.01).
RVEF was not correlated with age at operation. Similar results were obtained by angiocardiographic (r = −0.02, NS) and MRI analyses (r = −0.28, NS). In addition, we did not find a relation between RVEF and time of follow up regardless of which technique was used for calculation of RVEF (angiocardiography: r = 0.02, NS; MRI: r = −0.21, NS). These results show that RVEF is not affected by variability of age at operation and time of follow up in our study group.
Comparison between angiocardiography or densitometry and MRI In 12 patients PRF was calculated by x ray densitometry and MRI. The correlation between the methods was significant (r = 0.75). The regression equation was determined to be PRF(densitometry) = 0.93 PRF(MRI) + 5.0 (p < 0.01).
In 23 patients RVEDV was calculated by angiocardiography and MRI, and we found a highly significant correlation for RVEDV measured by both methods (r = 0.89; regression equation: RVEDV(angiography) = 1.2 RVEDV(MRI) + 8.1; p < 0.0001).
DISCUSSION
The ideal purpose of RV outflow tract reconstruction at repair of tetralogy of Fallot is to achieve near normal RV pressures and to preserve pulmonary valve competence. The latter task is of great importance for long term outcome because pulmonary insufficiency reduces exercise capacity and is associated with late ventricular arrhythmias and sudden cardiac death. 3 5 In the present retrospective study we showed that the extent of pulmonary insufficiency correlates with the postoperative size of the pulmonary annulus. We found sufficient pressure unloading even in patients with very small PADs (between the second and fourth lower standard deviation). Therefore, our results show that even slighter extensions of the outflow tract, as was often performed previously, are sufficient to achieve adequate pressure unloading of the RV. Because of these findings in recent years our cardiac surgeons have been using a transannular patch only if the angiocardiographic PAD lies below the lower fourth standard deviation of the normal mean value. In cases where a transannular patch is used, the enlargement of the pulmonary annulus is nowadays restricted to diameters within the range of the lower second standard deviation-that is, the lowest normal value.
Not only the width of the pulmonary annulus may contribute to pulmonary insufficiency but also branch or distal pulmonary stenoses, which were excluded from the present analysis, or residual pulmonary valve tissue after repair. In the latter respect we analysed a heterogeneous group of patients. As we found a significant correlation between PAD and PRF, ignoring eventual residual valve tissue, an even closer correlation may be expected in a more uniform group of patients. However, it is not likely that residual pulmonary valve tissue can reduce the degree of pulmonary insufficiency in patients with enlarged PADs. Our study confirms previous results obtained by angiocardiography and MRI, which showed a close correlation between postoperative pulmonary insufficiency and RV enlargement. 4 13 However, in their angiographic study, Redington and colleagues 4 found no correlation between either age at operation or time of follow up and RVEDV. This is in accordance with our MRI results but not with the respective angiocardiographic data. This discrepancy is explained by the fact that an overproportional number of patients operated on in early infancy were examined by angiocardiography less than five years after corrective surgery. In these patients the smaller RV is explained by the recent change in our surgical policy, which aims at reducing the frequency and extent of transannular patching. The correlation between angiocardiographic RVEDV and both age at operation and time of follow up reflects, at least in part, this change in surgical approach. In the group of patients examined by MRI we did not find an overproportional number of patients who were operated on in early infancy and had small RVs. This group of patients is evenly distributed by age at operation and follow up time and, therefore, does not reflect the change in surgical strategy.
In our study RV volumes were obtained on the basis of biplane angiocardiography and MRI. Volume from biplane angiocardiograms was calculated using the area length method. All volumes were corrected by factors appropriate for projection and cardiac phase as described by Lange and colleagues. 7 The correction factors were obtained from cast studies of RVs of normal shape. We used these factors in the present study for volume calculation of reconstructed, volume loaded and hence enlarged and abnormally shaped RVs.
RV volume calculation using MRI after repair of tetralogy of Fallot has been previously reported. 11 13 Volumetry by angiocardiography and MRI showed similar relations between PRF and RVEDV, as well as RVEF (figs 4 and 5). Additionally, we found a good correlation between RV volume as measured by angiocardiography and MRI. Therefore, despite the methodological uncertainties of angiocardiographic volumetry of abnormally shaped ventricles, there is a clinically sufficient accordance of both methods.
The degree of pulmonary insufficiency was quantified by x ray densitometry. The accuracy of this technique has been verified by electromagnetic flow measurement in an animal model. 9 A good correlation between PRF measured by densitometry and by MRI shows the good quality of both techniques.
We found an overall reduced ejection fraction in our group of patients who had undergone repair of tetralogy of Fallot in comparison with normal values for angiocardiographic and MRI analyses. With increasing volume load caused by pulmonary insufficiency, RVEF decreased. These observations are in accordance with other studies 13 14 but contrast in some ways with the findings of Redington and colleagues, 4 who did not find a relation between PRF and RVEF in a group of 12 patients. In contrast to our study group only three of their patients had a PRF of more than 30% of stroke volume. It seems that PRF reduces ejection fraction only above a certain threshold.
Ejection fraction is calculated as the ratio of stroke volume to end diastolic volume. In our group of patients we found a reduction in RVEF and an increase in RVEDV as a consequence of volume load (fig 4) . This reduction in ejection fraction may partly reflect the increase in RVEDV. Therefore, ejection fraction alone does not seem to be a distinct measure of myocardial performance of volume loaded enlarged ventricles. Progressive deterioration of myocardial function finally results in decreasing stroke volume and as a consequence in increasing RVESV. The end systolic volume should therefore additionally be taken into account in terms of estimating myocardial function of a volume loaded ventricle, as it has the advantage of reflecting both RV enlargement and myocardial function.
We performed a retrospective study and therefore analysed all available data on pulmonary insufficiency and RV volumes obtained by angiocardiography, densitometry, or MRI. No data were excluded from analysis. The lack of data in some patients is caused by the retrospective setting of the study. We tried to maximise homogeneity by excluding patients with double outlet RV, pulmonary atresia, or absent pulmonary valve. Nevertheless, in terms of age at operation, heterogeneity is unavoidable because the surgical policy did change over the past two decades towards primary repair in early infancy. One would expect an influence of age at operation and time of follow up on the amount of pulmonary insufficiency. As we did not find a relation between pulmonary insufficiency and one of these variables we can exclude an impact on the relation between the width of the pulmonary annulus and pulmonary insufficiency. In addition we can exclude an impact of age at operation and time of follow up on RVEF because we did not find any correlation between these variables. PAD was widely scattered in our patient group and hence the group seems to be suitable for that study. The presented data allow the conclusion that a wide enlargement of the pulmonary annulus at repair aggravates pulmonary insufficiency (fig 2) and is not necessary to achieve adequate pressure unloading (fig 3) .
Conclusions
Pulmonary regurgitation after repair of tetralogy of Fallot correlates with the postoperative size of the pulmonary annulus and is a closely correlated with RV size. A slight extension of the pulmonary annulus to only the lower second standard deviation-that is, the lowest normal value-is recommended because it results in a decrease of pulmonary regurgitation and is sufficient to achieve adequate RV pressure unloading.
